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“25”  Years of Lattice QCD
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Dedication of the US QCDOC Computer

important problem sizes on the QCDOC architecture and also has increased the efficiency
of legacy codes running on linux clusters. The second, possibly more important, is that this
software activity was a community-wide effort resulting in a set of tools and conventions that
members of each of the large U.S. collaborations had contributed to and valued. This is certainly
a good beginning and it will be interesting to see how this effort evolves and widely it is used
by the U.S. lattice QCD community.

Given the level of organization, careful software preparation and compelling physics case for
modern large-scale lattice QCD calculations, the U.S. lattice QCD community was able to make
a successful proposal to the high energy and nuclear physics programs within the DOE and
receive substantial, multi-year funding. The first two-years of DOE support (2004 and 2005),
including a portion from the DOE program in Advanced Scientific Computing Research, funded
a 4 Teraflops (sustained) QCDOC machine now installed at Brookhaven. Later-year funding will
support the constructions of large, optimized workstation clusters at Jlab and Fermilab. Figure 9
shows the adjacent RBRC and DOE QCDOC machines now operational at Brookhaven.

Figure 9. The two large 4 Tflops (sustained), 12,288-node machines now operational at the
Brookhaven National Laboratory. The machine on the left is DOE-funded and to be used by
the entire U.S. lattice QCD community. The machine on the left is used by the RIKEN BNL
Research Center and is funded by the RIKEN Institute of Japan.

7. Physics program
The availability of these machines has been anticipated for many months and there are a variety
of important, cutting-edge physics projects now getting underway. The most easily described
is a large-scale study of QCD at finite temperature aimed at exploring theoretically the physics
being studied at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven. This is being carried
out by a collaboration of physicists at Brookhaven, the RIKEN BNL Research Center (RBRC),
Columbia and Bielefeld Universities.

The second is a large effort lead by the MILC collaboration to generate a large Monte Carlo
ensemble of integration points using an improved version of staggered fermions bearing the
acronym ASQTAD. This is an extension of earlier work and will create an ensemble that will be
used by many group in the U.S. and U.K. to study a variety of important questions in particle

137
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How do hadrons arise from QCD?

Lagrangian constrained by Lorentz invariance, gauge 
invariance and renormalizability: 

Deceptively simple Lagrangian produces amazingly rich 
and complex structure of strongly interacting matter in 
our universe

Introduction

L = ψ̄(iγµDµ − m)ψ − 1
4
F 2

µν

Dµ = ∂µ − igAµ Fµν = i
g
[Dµ, Dν ]
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Goals

Quantitative calculation of hadron observables from 
first principles

Agreement with experiment
Credibility for predictions and guiding experiment

Insight into how QCD works
Mechanisms

Diquark correlations
Paths that dominate action - instantons
Variational wave functions

Dependence on parameters
mq  - role of chiral symmetry

Nc,  Nf ,  gauge group
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Computational Issues

Fermion determinant - Full QCD

Small lattice spacing

Small quark mass

Large lattice volume

Cost ~  (mq)
-2.5(mπ)

-4 ~ (mπ)-9

L(fm)   mπ (Mev)
1.6        500
4.0         200
5.7        140    

1
mπ

≤ L

4
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Hadron structure revealed by high 
energy scattering

High energy scattering measures correlation functions 
along light cone

Asymptotic freedom: reaction theory perturbative

Unambiguous measurement of operators in light 
cone frame

Must think about physics on light cone

Parton distribution q(x) gives longitudinal momentum 
distribution of light-cone wave function

Generalized parton distribution gives transverse spatial 
structure of light-cone wave function q(x, r⊥)
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Parton and generalized parton distributions

〈P |O(x)|P 〉 = q(x)

Deep inelastic scattering: diagonal matrix element

〈P ′|O(x)|P 〉 = 〈γ〉H(x, ξ, t) + i∆
2m 〈σ〉E(x, ξ, t)

∆ = P ′ − P, t = ∆2, ξ = −n · ∆/2

Deeply virtual Compton scattering: off-diagonal matrix element

(λ = p+x−)High energy scattering: light-cone correlation function

O(x) =
∫

dλ

4π
eiλxψ̄(−λ

2
n) "nPe−ig

∫ λ/2
−λ/2 dαn·A(αn)ψ(

λ

2
n)
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Moments of parton distributions

Expansion of

Generates tower of twist-2 operators

O(x) =
∫

dλ

4π
eiλxψ̄(−λ

2
n) "nPe−ig

∫ λ/2
−λ/2 dαn·A(αn)ψ(

λ

2
n)

O{µ1µ2...µn}
q = ψqγ

{µ1iDµ2 . . . iDµn}ψq

Diagonal matrix element

〈P |O{µ1µ2...µn}
q |P 〉 ∼

∫
dxxn−1q(x)

Off-diagonal matrix element

〈P ′|O{µ1µ2...µn}
q |P 〉

∼
∫

dxxn−1[H(x, ξ, t), E(x, ξ, t)]

→ Ani(t), Bni(t), Cn(t)
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Moments of parton distributions

〈p|ψ̄γµDµ1 · · · Dµnψ|p〉 → 〈xn〉q =
∫ 1

0
dxxn[q(x) + (−1)(n+1)q̄(x)]

〈p|ψ̄γ5γµDµ1 · · · Dµnψ|p〉 → 〈xn〉∆q =
∫ 1

0
dxxn[∆q(x) + (−1)(n)∆q̄(x)]

〈p|ψ̄γ5σµνDµ1 · · · Dµnψ|p〉 → 〈xn〉δq =
∫ 1

0
dxxn[δq(x) + (−1)(n+1)δq̄(x)]

q = q↑ + q↓, ∆q = q↑ − q↓, δq = q# + q⊥,where
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Full QCD Calculations

Collaboration mπ (MeV) Gluon action Quark action

LHPC / SESAM > 650 Wilson Wilson

QCDSF / UKQCD > 550 Wilson Clover improved Wilson

RBCK > 500 DBW2 Domain wall

LHPC / MILC > 350 Asqtad
Staggered sea
HYP Domain wall valence
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Chiral regime

Hybrid: domain wall valence/staggered sea

MILC sea quark configurations

NF =3,  staggered sea quarks

a=0.125 fm,  203×32 (283×32) lattices, L=2.6 (3.5) fm

mπ  = 359, 498, 605, 696, 775 MeV

HYP smeared domain wall valence quarks (same pion mass)

Collaborators:

R. Brower
R. Edwards
G. Fleming
O. Jahn
K. Orginos

J. Osborn
A. Pochinksy
D. Renner
D. Richards

C. Alexandrou
Ph. Haegler
W. Schroers
A. Tsapalis

B. Bistrovic
J. Bratt
D. Sigaev
P.  Varilly
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Asqtad Action: O(a2) perturbatively improved

Symansik improved glue

Sg(U) = C0 W
1x1  + C1 W

1x2  + C2 W
cube

Smeared staggered fermions Sf(V,U)

Fat links remove taste changing gluons

Tadpole improved
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HYP Smearing

Three levels of SU(3) projected blocking within hypercube

Minimize dislocations - important for DW fermions
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HYP smeared domain wall fermions - B. Bistrovic

Perturbative renormalization 



BNL 11-30-05     J. W. Negele   17

Hadron matrix elements on the lattice

Measure        for 

Connected diagrams   

Disconnected diagrams (cancel for                     )

Extrapolate 

mq, a, L〈O〉

〈O〉u − 〈O〉d
mq : mπ → 140 MeV
a→∼ 0.05 fm
L→∼ 5 fm
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Nucleon axial charge in full lattice QCD

Why gA?

Matrix element of axial current

Adler Weisberger   

Goldberger Treiman

Spin content

〈N(p + q)|Aµ|N(p)〉 = ū(p + q)
!τ

2
[
gA(q2)γµγ5 + gP (q2)qµγ5

]
u(p)

gA(0) = 1.2695± 0.0029

Aµ = q̄γµγ5
"τ

2
q

g2
A − 1 ∼

∫
(σπ+p − σπ−p)

gA → fπgπNN/MN

〈1〉∆q =
∫ 1
0 dx[∆q(x) + ∆q̄(x)]

gA = 〈1〉∆u − 〈1〉∆d Σ = 〈1〉∆u + 〈1〉∆d + 〈1〉∆s
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Nucleon axial charge

Gold-Plated observable

Accurately measured

No disconnected diagrams

Chiral perturbation theory for  

Renormalization - 5-d conserved current 

First calculation in chiral regime:  hep-lat/0510062

gA(m2
π, V )
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Nucleon Axial Charge

Chiral perturbation theory

Beane and Savage  hep-ph/0404131

Detmold and Lin  hep-lat/0501007

1-loop theory has 6 parameters

Fix                                    (0.3% error)

Fit

Result

gA(m2
π, V )

fπ, m∆ −mN , g∆N

gA, g∆∆, C

gA(mπ = 140) = 1.212± 0.084
Expt. = 1.2695± 0.0029
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Nucleon axial charge gA 〈1〉u−d
∆q
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m
!

2
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2
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Nucleon axial charge gA 

Fit: Hemmert et al hep-lat/0303002

〈1〉u−d
∆q
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Quark momentum fraction

Full QCD LHPC hep-lat/0209160

〈x〉u−d
q

LHPC/MILC LHPC/SESAM
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Quark momentum fraction ratio 〈x〉u−d
q /〈x〉u−d

∆q

LHPC/MILC LHPC/SESAM



BNL 11-30-05     J. W. Negele   25

Electromagnetic form factors

Simplest off-diagonal matrix element 

Fourier transform of charge density if 

Pb: 5 fm >> 10-5 fm,   Proton: 0.8 fm ~ 0.2 fm:   marginal

For transverse Fourier transform of light cone w. f., m → p+ ~ ∞

Large q2:  ability of one quark to share q2 with other constituents to 
remain in ground state - q2 counting rules

〈p|ψ̄γµψ|p′〉 = ū(p)[F1(q2)γµ + F2(q2)
iσµνqν

2m
]u(p′)

Lsystem ! Lwavepacket !
1
m
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F1 Form factor

744 MeV
725 Mev
570 Mev
Expt
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Transverse RMS radius - slope of F1
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Form factor ratio:    F2 / F1 

Balitsky, Ji, Yuan  hep-ph/0212351
Q2F2(Q2)

log2(Q2/Λ2)F1(Q2)
∼ const.

0 0.5 1 1.5 2 2.5 3

Q
2
 (GeV

2
)

0

1

2

3

4

F
2(I

=
1
)  /

 F
1(I

=
1
)

m
!
 = 775 MeV

m
!
 = 498 MeV

m
!
 = 359 MeV

Expt: "
p
 - "

n
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Generalized form factors

O{µ1µ2...µn}
q = ψqγ

{µ1iDµ2 . . . iDµn}ψq

〈P ′|Oµ1 |P 〉 = 〈〈γµ1〉〉A10(t)

+
i

2m
〈〈σµ1α〉〉∆αB10(t) ,

〈P ′|O{µ1µ2}|P 〉 = P̄ {µ1〈〈γµ2}〉〉A20(t)

+
i

2m
P̄ {µ1〈〈σµ2}α〉〉∆αB20(t)

+
1
m

∆{µ1∆µ2}C2(t) ,

〈P ′|O{µ1µ2µ3}|P 〉 = P̄ {µ1 P̄µ2〈〈γµ3}〉〉A30(t)

+
i

2m
P̄ {µ1 P̄µ2〈〈σµ3}α〉〉∆αB30(t)

+ ∆{µ1∆µ2〈〈γµ3}〉〉A32(t)

+
i

2m
∆{µ1∆µ2〈〈σµ3}α〉〉∆αB32(t),

P̄ = 1
2 (P ′ + P )

∆ = P ′ − P

t = ∆2
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First three moments:
LHPC  hep-lat/0304018 

A10, A20, A30, Ã10, Ã20, Ã30
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Transverse size of light-cone wave function

xn
av =

∫
d2r⊥

∫
dxx · xn−1q(x,!r⊥)∫

d2r⊥
∫

dxxn−1q(x,!r⊥)
q(x,!r⊥)model (Burkardt hep-ph/0207047)
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Origin of nucleon spin
“Spin crisis” -  only ~ 30% arises from quark spins

1
2∆Σ = 1

2 〈1〉∆u+∆dquark spin contribution

Jq = 1
2 [Au+d

20 (0) + Bu+d
20 (0)] = 1

2 [〈x〉u+d + Bu+d
20 (0)]

total quark  contribution (spin plus orbital)    Ji hep-ph/9603249

Spin Inventory
68% quark spin
  0% quark orbital
32% gluons

∼ 1
20.675(7)

∼ 1
20.682(18)

mπ = 897 MeV
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Nucleon spin decomposition
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Baryon shapes

Observe oblate deformation of spin 
3/2 Δ directly on lattice from 
density-density correlation function 
(Alexandrou, nucl-th/0311007 ) 

Infer deformation experimentally                           
from N→Δ transition form factor

Dominant transition M1

C2 and E2 would vanish if 
nucleon and Δ spherical
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M1 form factor
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Electric and Coulomb transitions

E2/M1C2/M1
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MILC Configuration Landscape

Hadron Structure Proposal 2004 9

Table 1: Resources requested, in hours on full JLab 256 node GigE Cluster. The 256
node GigE cluster hours for convergence of the domain wall conjugate gradient inverter on
a set of 12 propagators is denoted hrs/CG and F denotes the number of sets of forward
propagators. The numbers of backward propagators for nucleon, pion, and Delta sinks are
denoted by N, π, and ∆ respectively. The number of propagators for non-perturbative
renormalization calculations is denoted by NP and the number of propagators calculated
with stochastic sources for disconnected diagrams is denoted DD. All propagators are
calculated for 300 configurations except for NP and DD, which use 200.

a = 0.13 fm, NT = 32
ml
ms

NL mπ configs hrs/CG F N π ∆ NP DD Total
(MeV) avail hrs

1 20 775 407 .092 0 0 0 0 0 0 0
0.8 20 699 344 .106 0 0 0 0 0 0 0
0.6 20 605 559 .130 0 0 0 0 5 0 130
0.4 20 498 485 .179 0 0 0 3 0 0 161
0.2 20 359 642 .325 4 2 0 0 5 100 7314
0.2 28 359 275 .892 0 4 0 3 0 0 1338
0.14 20 300 449 .450 2 6 1 3 5 0 1666
0.1 24 254 397 1.07 2 8 1 3 0 0 3198
Total hrs 1300 2317 455 2329 906 6501 13809

a = 0.09 fm, NT = 48
ml
ms

NL mπ configs hrs/CG F N π ∆ NP DD Total
(MeV) avail hrs

1 28 775 500 .258 1 4 1 0 0 0 310
0.4 28 498 514 .565 1 4 1 3 0 0 1186
0.2 28 359 512 1.08 1 4 1 3 0 0 2258
0.1 40 254 500 6.11 1 4 1 0 0 0 7332
Total hrs 2402 4805 2402 1476 11085

a = 0.06 fm, NT = 72
ml
ms

NL mπ configs hrs/CG F N π ∆ NP DD Total
(MeV) avail hrs

0.4 48 498 500 4.27 1 4 0 0 0 0 3840
0.2 48 359 600 8.12 0 0 0 0 0 0 0
Total hrs 1280 2560 1 3840

hours on the 256 node GigE machine must be multiplied by 4.8 to obtain processor hours
on the QCDOC.
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Current QCDOC Production

283 x96 MILC lattices at a=0.09 fm

Formidable Challenges - stress many QCDOC features

283 x96 lattice

14 motherboards, 2 x 7 x 7 x 24 local vol.

Bagel assembly code currently 18% of peak

Heavy IO

Matrix elements require global sums

Outstanding cooperative effort to meet challenges

Dru Renner, Robert Edwards

Bob Mawhinney, Chulwoo Jung, ...

Learning to exploit QCDOC on difficult applications



BNL 11-30-05     J. W. Negele   39

Summary

Entering era of quantitative solution in chiral regime

Quark distributions:

Form factors

Transverse structure

Origin of nucleon spin

Baryon shapes

Gaining insight into how QCD works

Overlap with trial functions

Dependence on 

Exotic states, diquark correlations

gA,Σ, 〈x〉

mq, Nc, Nf
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Challenges in the SciDAC/QCDOC era

Hybrid QCD

Extrapolation based on hybrid chiral perturbation theory

Nonperturbative renormalization

Disconnected diagrams

Gluon observables

Exotic Baryons and Mesons

Full QCD with chiral fermions

a = 0.125 fm : mπ = 300, 250 MeV
a = 0.09, 0.06 fm


